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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? N
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? Y  If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 2.5, 2.6, 3.3,3.4.
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 5.1, we follow the specifications of expansion coefficient highlighted in the manuscript
E.  Will the filming need to take place in multiple locations?  The filming will take place over three adjacent rooms.
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal (read by voice talent at JoVE):

The overall goal of this procedure is to provide a simple method to quickly and accurately measure the glass transition temperature, apparent expansion coefficient, and average dynamics of ultra-thin glassy films. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!) 
1.1. Ethan Glor: This method can help answer key questions in the polymer glass field, such as how the dynamics of thin films relate to those of the bulk. 
1.2. Ethan Glor: The main advantage of this technique is that it can determine the glass transition temperature, apparent expansion coefficients, and fragility of a thin film in a single, high throughput experiment.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Zahra Fakhraai: While the example provided here is focused on polymer glasses, this method can also be used to measure bulk and thin film dynamics of any glass-former, including organic molecules, and composites.
Protocol (read by voice talent at JoVE):

2. Preparing the Film, Including Determining its Thickness
2.1. Start preparing the film a day before it is needed for glass transition temperature measurements. [2.1.1-WIDE] Have a scale ready to accurately weigh materials for the film. [2.1.2-MED] This experiment will use polystyrene and toluene to create the film. [2.1.3-CU] Begin by measuring 40 milligrams of polystyrene. [2.1.4-MED] When done, place the polystyrene into a 30 milliliter vial. [2.1.5-CU]

2.1.1. Talent at bench, prepared to weigh necessary chemicals

2.1.2. Talent readying scale (for example, putting it in place or turning it on)

2.1.3. Containers with polystyrene and toluene, clearly labeled and oriented so viewers can read them

2.1.4. Talent in process of measuring polystyrene

2.1.5. Talent transferring polystyrene to vial

2.2. Next, place the vial on the scale. [2.2.1-MED] Add 2 grams of toluene to produce an approximately 100 nanometer film. [2.2.2-CU] After the solution has sat overnight, use it to create a film. [2.2.3-WIDE-TXT] Move the vial to a spin coater that is in a fume hood. [2.2.4-WIDE]

2.2.1. Talent placing vial on scale

2.2.2. Vial on scale as toluene is added (if possible, show the number of grams added) [TEXT: Solution should sit overnight to fully dissolve polystyrene.]

2.2.3. Talent getting vial and transporting it away

2.2.4. Talent arriving with vial at fume hood with spin coater

2.3. At the fume hood, put the solution aside for later use. [2.3.1-MED] Also, ensure that there is toluene ready for use with the spin coater. [2.3.2-CU] Next get a silicon wafer to create the film on by spin coating. [2.3.3-MED] The silicon wafer for this protocol is 1 centimeter by 1 centimeter. [2.3.4-CU] Place the wafer in the spin coater and spin it at 8000 rpm for 45 seconds. [2.3.5-MED-TXT] As the wafer spins, drop approximately 1 milliliter of toluene onto it. [2.3.6-CU/MED]

2.3.1. Talent at fume hood, putting vial aside, ideally next to toluene container. If possible, also include the spin coater in the shot.

2.3.2. Container of toluene that is clearly marked and oriented for viewer to read then pointing out vial of toluene; ideally spin coater would be evident

2.3.3. Talent getting silicon wafer, ending with wafer being displayed to viewer

2.3.4. Wafer as held by talent, to show dimensions

2.3.5. Talent placing wafer in spin coater and starting spin [TEXT: 8000 rpm; 45 seconds]

2.3.6. Wafer spinning as talent (hands) drops toluene onto it 

2.4. Stop the spin coater after 45 seconds of spinning. [2.4.1-MED] Use the prepared polystyrene and toluene solution and begin to add it drop-wise to the silicon surface. [2.4.2-CU/MED] Stop when the entire surface is covered [2.4.3-ECU]

2.4.1. Talent stopping spinning

2.4.2. Wafer as talent adds solution to surface

2.4.3. Wafer showing the entire surface is covered

2.5. Before the solution dries, spin the wafer at 4000 rpm for 20 seconds. [2.5.1-MED-TXT] Stop the spin coater and remove the wafer to measure the film thickness. [2.5.2-MED]

2.5.1. Talent starting second spin [TEXT: 4000 rpm; 20 seconds]

2.5.2. Talent stopping spin coater and removing wafer

2.6. Determine the film thickness using an ellipsometer. [2.6.1-WIDE-TXT] Begin by placing the film on the ellipsometer stage and securing it. [2.6.2-CU] Continue by checking the angle of incidence, acquisition time, and other settings, then begin the scan. [2.6.3-MED-TXT]

2.6.1. WIDE Talent with wafer, arriving at ellipsometer and starting to place wafer on stage [TEXT: Ellipsometer wavelengths 500–1600 nm]

2.6.2. CU Wafer on ellipsometer stage as talent completes placement [TEXT: Follow manufacturer instructions.]

2.6.3. MED Talent at computer checking settings, starting scan  [TEXT: Incidence angle: 70º; acquisition time: 1 s; zone averaging on]

2.6.4. Broll 30 seconds of ellipsometer in operation

2.7. After collecting data, use the ellipsometer software to fit the ellipsometric angles. [2.7.1-SC] Use a three layer model; the first layer is the Substrate, in this case silicon. [2.7.2-SC] The second layer, Layer #1, is a native oxide; the layer has a thickness of 1.5 nanometers. [2.7.3-SC] The third layer, Layer #2, is a Cauchy model corresponding to the optical properties of polystyrene film. [2.7.4-SC]
2.7.1. *All SCREEN shots to be provided by the authors SCREEN: Ellipsometer software on analysis tab; the three layer model should already be entered and will be shown in subsequent steps (Authors: I am assuming the screen will look like the first image in the file 53499_R2_051815_SW.docx, including fit curves Authors: Yes it will. The Screen shots have been sent.)
2.7.2. SCREEN: Move cursor to the Substrate tab in the Model section

2.7.3. SCREEN: Move the cursor from previous position to the Layer #1 tab

2.7.4. SCREEN: Move cursor from previous position to the Layer #2 tab 

2.8. The Cauchy model for the index of refraction is given by this formula.  Lambda is the wavelength, and A and B are constants to be determined from data; k=0 for a dielectric. [2.8.1-TXT] The model returns a determination of the film thickness, in this case about 105 nanometers [2.8.2-SC-TXT]

2.8.1. TEXT ON SCREEN (3 lines, delimited by semicolons, first line a title): Cauchy Model;  n=A+B/, k=0;  see text protocol on fitting A and B

2.8.2. SCREEN: Move the cursor from previous position to point out the returned value of the thickness [TEXT: Desired thickness is ~100 nm.]

2.9. Remove the wafer from the ellipsometer and proceed to the next step. [2.9.1-MED/WIDE] If the film is of the desired thickness, take the wafer to a vacuum oven. [2.9.2-WIDE] Place the wafer in the oven and anneal it for 15 hours at 393 Kelvin. [2.9.3-MED-TXT]

2.9.1. Talent removing wafer from ellipsometer and leaving

2.9.2. Talent arriving with wafer at vacuum oven

2.9.3. Talent placing wafer in oven and checking settings [TEXT: Anneal 15 hours at 393 K] 
3. Cooling Rate Dependent Glass Transition Temperature Measurements
3.1. Return to the ellipsometer with the annealed film. [3.1.1-WIDE] Put the film aside while preparing the sample stage. [3.1.2-MED] The ellipsometer should be equipped with a variable temperature stage; use a thermal paste to coat the surface of its heating element.[3.1.3-CU]

3.1.1. Talent with sample returning to ellipsometer

3.1.2. Talent putting sample aside and focusing on the sample stage. The ellipsometer should already be equipped with the temperature stage

3.1.3. Sample stage and its heating element. After a pause, thermal paste being deposited on heating element

3.2. Next, place the annealed polystyrene film onto the heating element, then clamp it tightly into place. [3.2.1-CU] Start a flow of 100% dry nitrogen through the temperature stage. [3.2.2-MED] Turn to the computer and the temperature stage software to create a temperature profile. [3.2.3-MED]

3.2.1. Heating element as film sample is being placed on it, then clamped to it.

3.2.2. Talent starting flow of nitrogen [TEXT: Nitrogen pressure < 69 KPa]

3.2.3. Talent starting to work on computer to create profile
3.3. This figure provides an idea of the temperature profile. Temperature is along the vertical axis; time is along the horizontal axis. [3.3.1-LM] The sample is alternately heated to 393 Kelvin and cooled to 293 Kelvin. [3.3.2-LM] The temperature ramp up rate is always a constant 150 Kelvin per minute, as indicated by the constant steep upward slope. [3.3.3-LM]

3.3.1. LAB MEDIA: temperature_profile (Authors: Please provide the middle figure of figure 3, panel a. Use the filename “temperature_profile”) (Video editor: Lines 1 and 2. Please highlight the vertical and horizontal axes as they are mentioned in the second sentence.)

3.3.2. LAB MEDIA: temperature_profile (Video editor: During the third line, draw a horizontal line from the left vertical axis across the width of the figure at 393 Kelvin starting at “heated to 393 Kelvin”. Keep that line and add a similar horizontal line at 293 Kelvin during “cooled to 293 Kelvin”. The 393 Kelvin line should be at the level of all the highest horizontal segments of the curve; the 293 Kelvin line should be at the level of the lowest horizontal segments of the curve.)

3.3.3. LAB MEDIA: temperature_profile (Video editor: Remove the horizontal lines of 3.3.2. Highlight (point to) one of the line segments on the left of a high horizontal plateau during “indicated by the steep upward slope. Remove highlight before next shot.)

3.4. The ramp down varies with each cycle.  It starts fast, then slows down, as indicated by the changing downward slopes in the figure. [3.4.1-LM] The sample is held for 20 minutes after it first reaches 393 Kelvin. [3.4.2-LM] All later temperature holding times at both 393 Kelvin and 293 Kelvin are for 5 minutes. [3.4.3-LM]

3.4.1. LAB MEDIA: temperature_profile (Video editor: Highlight (point to) three different line segments to the right of a high horizontal plateau–possibly the first (leftmost), the sixth, and the ninth (last). Hold this until “....changing downward slopes in the figure.”)

3.4.2. LAB MEDIA: temperature_profile (Video editor: Please highlight the first (leftmost and longest) high horizontal plateau during this shot.)

3.4.3. LAB MEDIA: temperature_profile (Video editor: Please highlight both a short high horizontal plateau and a (short) low horizontal plateau.)
3.5. Stay at the computer to complete setting up the experiment. [3.5.1-MED] Use the ellipsometer software to create a temperature dependent ellipsometry model. [3.5.2-SC] The Substrate layer is a temperature dependent silicon model. [3.5.3-SC] Layer #1 is a 1.5 nanometer native oxide layer. [3.5.4-SC] Layer #2, the third layer, is the Cauchy model for polystyrene film. [3.5.5-SC]

3.5.1. MED Talent working at computer 

3.5.2. SCREEN: Ellipsometer software on analysis tab; the three layer model should already be entered and will be shown in subsequent steps

3.5.3. SCREEN: Move cursor to call attention to the Substrate layer

3.5.4. SCREEN: Move cursor from previous position to call attention to Layer #!

3.5.5. SCREEN: Move the cursor from previous position to call attention to Layer #2

3.6. Work with the temperature dependent silicon layer settings. [3.6.1-SC] Turn on the “Use Ext Temp from Parm Log” to allow use of the temperature stage temperature.  [3.6.2-SC] Now navigate to be able to edit the hardware configurations. [3.6.3-SC] Set the fast acquisition time to 1 second. [3.6.4-SC] Also, select high-accuracy zone averaging. [3.6.5-SC] Set the normal acquisition time to 3 seconds. [3.6.6-SC] Once again, use the high-accuracy zone averaging. [3.6.7-SC]

3.6.1. SCREEN: Move cursor from previous position to allow working with silicon layer settings

3.6.2. SCREEN: Turn on the “Use Ext Temp from Parm Log” [TEXT: Use of stage temperature requires equipment control software.]

3.6.3. SCREEN: Navigate to edit the hardware settings

3.6.4. SCREEN: Set the fast acquisition time to 1 second

3.6.5. SCREEN: Change to high-accuracy zone averaging

3.6.6. SCREEN: Set the normal acquisition time to 3 seconds

3.6.7. SCREEN: Select high-accuracy zone averaging for normal acquisition

3.7. Click the “in situ” tab of the ellipsometer software. [3.7.1-SC] Check the “fast acquisition time mode” box. [3.7.2-SC] Press “Start Acquisition” to begin collecting data. [3.7.3-SC] Monitor the data collection as the temperature profile is followed. [3.7.4-MED/WIDE] Just before the 3 Kelvin per minute cooling ramp, uncheck the fast acquisition time box. [3.7.5-SC]
3.7.1. SCREEN: Move from the previous position of the cursor to click the “in situ” tab

3.7.2. SCREEN: Move cursor to check the “fast acquisition time mode” box

3.7.3. SCREEN: Move cursor to click “Start Acquisition” [TEXT: The ellipsometer has been aligned to maximize intensity.]

3.7.4. MED/WIDE Talent at computer and ellipsometer, monitoring data collection

3.7.5. SCREEN: Move cursor to indicate uncheck the “fast acquisition time mode” box
4. Results: Finding the Glass Transition Temperature and Analyzing the Average Film Dynamics of 110 nm Polystyrene
4.1. Use measurements of the thickness versus temperature for a given cooling ramp to calculate the glass transition temperature. In this sample curve, the region highlighted in red corresponds to the super-cooled liquid. The region highlighted in blue corresponds to the glassy regime. The point where linear fits to these regions intersect defines the glass transition temperature.  This sample is 110 nanometer polystyrene film of 342 kilogram per mole polystyrene. The cooling rate is 10 Kelvin per minute. Measurements at 1 Kelvin per minute give a transition temperature of about 372 Kelvin.

4.1.1. LAB MEDIA: “Figure 4.eps” (Video editor: Please highlight the vertical axis during “thickness” and the horizontal axis during “temperature”)

4.1.2. LAB MEDIA: “Figure 4.eps” (Video editor: Please highlight the red region during “...the region highlighted in red corresponds to the super-cooled liquid.” Remove that highlight and highlight the blue region during “The region highlighted in blue...glassy regime.” Remove that highlight and call attention to the two intersecting lines and the arrow emanating from the intersection point during “The point where… glass transition temperature.”)

4.1.3. LAB MEDIA: “Figure 4.eps”

4.2. Here is data of the glass transition temperature versus the cooling rate for a 110 nanometer film of polystyrene. This same data is plotted with black circles using the log of the cooling rate on the left vertical axis. The horizontal axis is 1000 over the transition temperature as suggested by an empirical relation. For comparison, the red squares are the bulk dynamics of polystyrene as determined by dielectric spectroscopy.  For this data, refer to the right axis of the log of the bulk alpha relaxation time, and the horizontal axis 1000 over temperature.

4.2.1. LAB MEDIA: “Figure 5a.eps”

4.2.2. LAB MEDIA: “Figure 5a.eps”, “Figure 5b.eps” (Video editor: Please add “5b” to the right of the image from 4.2.1. If possible, visually associate the data from “5a” with the black data points in “5b”.)

4.2.3. LAB MEDIA: “Figure 5b.eps”  (Video editor: Remove “Figure 5a.eps” and let “Figure 5b.eps fill the screen while highlighting the black horizontal axis label text.)

4.2.4. LAB MEDIA: “Figure 5b.eps” (Video editor: Please call attention to the red data points)

4.2.5. LAB MEDIA: “Figure 5b.eps” (Video editor: Please highlight right vertical axis label and the red horizontal axis label.) 
5. Conclusion (said by authors on camera)
5.1. Ethan Glor: Once mastered, this technique can be done in 5 hours, if it is performed properly.
5.2. Ethan Glor: While attempting this procedure, it’s important to remember to fit the ellipsometry data to an appropriate material model to ensure accurate values for the thickness and index of refraction of the film.
5.3. Ethan Glor: Following this procedure, other methods like nanocalorimetry can be performed in order to answer additional questions like “What happens to these films at even faster cooling rates?”.
5.4. Zahra Fakhraai: I first tried these types of measurements as a student in James Forrest’s lab at the University of Waterloo. Recent experimental advances allow for this technique to be used for high-throughput characterization. 
5.5. Zahra Fakhraai: After its development, this technique paved the way for researchers in the field of organic glasses to explore the properties of newly synthesized glass forming molecules in a high throughput manner.
5.6. Ethan Glor: After watching this video, you should have a good understanding of how to make a polymer thin film, and measure its thickness, glass transition temperature, and the apparent activation barrier to relaxation near the glass transition temperature.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  
General Preparation
It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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